To control morphogenesis, molecular regulatory networks have to interfere with the mechanical properties of the individual cells of developing organs and tissues, but how this is achieved is not well known. We study this issue here in the shoot meristem of higher plants, a group of undifferentiated cells where complex changes in growth rates and directions lead to the continuous formation of new organs [1, 2] . Here, we show that the plant hormone auxin plays an important role in this process via a dual, local effect on the extracellular matrix, the cell wall, which determines cell shape. Our study reveals that auxin not only causes a limited reduction in wall stiffness but also directly interferes with wall anisotropy via the regulation of cortical microtubule dynamics. We further show that to induce growth isotropy and organ outgrowth, auxin somehow interferes with the cortical microtubule-ordering activity of a network of proteins, including AUXIN BINDING PROTEIN 1 and KATANIN 1. Numerical simulations further indicate that the induced isotropy is sufficient to amplify the effects of the relatively minor changes in wall stiffness to promote organogenesis and the establishment of new growth axes in a robust manner.
Summary
To control morphogenesis, molecular regulatory networks have to interfere with the mechanical properties of the individual cells of developing organs and tissues, but how this is achieved is not well known. We study this issue here in the shoot meristem of higher plants, a group of undifferentiated cells where complex changes in growth rates and directions lead to the continuous formation of new organs [1, 2] . Here, we show that the plant hormone auxin plays an important role in this process via a dual, local effect on the extracellular matrix, the cell wall, which determines cell shape. Our study reveals that auxin not only causes a limited reduction in wall stiffness but also directly interferes with wall anisotropy via the regulation of cortical microtubule dynamics. We further show that to induce growth isotropy and organ outgrowth, auxin somehow interferes with the cortical microtubule-ordering activity of a network of proteins, including AUXIN BINDING PROTEIN 1 and KATANIN 1. Numerical simulations further indicate that the induced isotropy is sufficient to amplify the effects of the relatively minor changes in wall stiffness to promote organogenesis and the establishment of new growth axes in a robust manner.
Results and Discussion
How shape is regulated in multicellular organisms is a key question in developmental biology. Plants provide a system of choice to explore this issue because of their continuous, life-spanning organogenesis. By forming a system of branched axes, plants explore and occupy space in an efficient manner. This mode of growth largely depends on shoot apical meristems (SAMs), groups of undifferentiated cells that initiate all the aerial organs of the plant [1, 2] . To generate a branched structure, the SAMs have to form new axes in new directions. The maintenance of existing growth directions and the definition of new ones are, therefore, fundamental to the establishment of plant architecture.
The generation of lateral organs at the SAM depends on the hormone auxin (IAA). At the SAM epidermis, auxin is actively transported via the PIN-FORMED1 (PIN1) efflux carrier, concentrating the hormone at precise locations, where it triggers the formation of new primordia [3] [4] [5] [6] . It is, however, unclear how auxin triggers the changes in the initiation of new growth axes.
In plants, the directions and rates of growth largely depend on the mechanical properties of the polysaccharidic cell wall that glues cells together, preventing cell sliding and migration. It is widely accepted that the irreversible, plastic yielding of the wall to the internal turgor pressure, through wall synthesis and remodeling, controls cell expansion. Previous studies have pointed to the importance of wall remodeling and elasticity at the SAM, via wall-loosening proteins [7, 8] . Auxin is thought to promote primordia formation, at least in part, through this process [1, 2] . However, this represents a rather one-sided view of the contribution of wall mechanics to organogenesis. Here, we focus our attention on another essential aspect of the wall, i.e., its mechanical anisotropy. The anisotropic properties of the cell wall are mainly determined by the orientation of the rigid cellulose microfibrils [9, 10] . This orientation is controlled by cortical microtubules (CMTs), which guide the cellulose synthase complexes [11] [12] [13] . As a consequence, the mechanical anisotropy of the wall can be inferred from CMT organization. When auxin transport is genetically or chemically inhibited, as in pin1 mutants or after treatment with Naphtylphtalamic acid (NPA), plants are unable to form organs, resulting in pin-shaped apices that only grow along the vertical axis [3, 14] . In these apices, ordered circumferential CMT patterns at the periphery of the SAM force the tissue to grow in one main direction [15] . To induce a lateral organ, auxin must somehow break the anisotropic growth of the stem, but how this occurs is not yet understood.
To investigate this issue, we set up an experimental system to induce organs from an anisotropic pin-shaped SAM: Arabidopsis thaliana plants were grown on NPA-containing medium to prevent the formation of flowers and subsequently were treated with IAA to induce the outgrowth of a ringshaped structure, displaying organ primordium identity, around the SAM (Figures S1A and S1B available online). We used this system to monitor the behavior of the microtubule marker 35S::GFP-MBD during auxin-induced organogenesis. We limited our analysis to the outer layer of the SAM, which is considered rate limiting for growth [16] [17] [18] . As previously shown [15] , CMTs were organized in supracellular, circumferential alignments at the periphery of pin-shaped SAMs ( Figure S1C ). Auxin treatments led to the disorganization of CMTs across the SAM within 24 hr, resulting in a complete loss of circumferential CMT anisotropy (Figures 1A-1E ; Figure S1D ). CMT disorganization preceded the formation of outgrowths, only visible 72 hr after the initial auxin application ( Figure 1A ; Figure S1D ). Discrete regions displaying disorganized CMTs were also observed in the SAM of soil-grown plants, i.e., in the presence of an active auxin transport and preexisting lateral organs. These regions displayed substantially different GFP-MBD patterns, compared to highly anisotropic organ boundaries [15] , and produced visible organ (legend continued on next page) primordia 24 hr later ( Figures 1F and 1G ). Disorganized GFP-MBD patterns at the SAM correlated in time and space with peaks of high auxin activity inferred from the auxin-signaling reporter DR5::VENUS-N7, the earliest marker of incipient primordia identified to date [5] (Figure 1H ). These results suggest that, in vivo, changes in CMT anisotropy coincide with auxin maxima and precede organ outgrowth at the SAM.
We next investigated whether CMT disorganization could be instrumental in the formation of lateral outgrowths. To this end, we used the microtubule-depolymerizing drug oryzalin to alter CMT dynamics at the SAM of NPA-induced pins. Local applications of oryzalin in lanolin paste on naked meristems caused CMT disorganization, leading to ring-like outgrowths (Figure 2A) . We next altered CMT dynamics by using the botero1-7 (bot1-7) allele of KATANIN1 (KTN1). KTN1 encodes a microtubule-severing protein that promotes bundling and ordered CMT patterns [19] [20] [21] . KTN1 is active in the SAM, where it contributes to the formation of anisotropic CMT arrays [22] . bot1-7 mutants grown on NPA displayed spontaneous outgrowths that were preceded by localized CMT disorganization ( Figure S2A ). Indeed, more than 90% of the bot1-7 population (n = 183) produced flowers (compared to w40% in the wild-type [WT] population, n = 143) ( Figures 2B and 2C) on NPA.
Moreover, we used the pin1 mutant to perturb auxin distribution, and we tested whether oryzalin and the bot1-7 mutation could rescue its defective organogenesis. We found that 63.4% (n = 41) of pin1-1 SAMs treated locally with oryzalin developed outgrowths after 4 days ( Figure 2D ). Similar frequencies were obtained when pin1-1 SAMs were locally treated with IAA (66.6%; n = 33) ( Figure 2D) . Likewise, the majority of pin1-6 bot1-7 double mutants (77.8%; n = 14) displayed a high number of lateral outgrowths around the SAM, whereas high numbers are only rarely (10.0%; n = 10) observed in pin1-6 single mutants ( Figure 2E ). Together, these results point to a causal link between loss of CMT anisotropy and organogenesis.
In auxin transport-depleted backgrounds, the bot1-7 mutation replicates the effect of auxin treatments on CMT organization and organ initiation. Relevantly, auxin treatments were not able to further affect CMTs in bot1-7 SAMs (Figures 2F, 2G , and 2L; Figure S2B ). This suggests that (1) at low auxin concentrations, KTN1 leads to the formation of a pin, and (2) KTN1 is no longer able to maintain a pin in the presence of high auxin levels. It was recently proposed that auxin regulates KTN1 function through RHO-LIKE GTPASE FROM PLANTS 6 (ROP6) and its effector ROP-INTERACTIVE CRIB MOTIF-CONTAINING PROTEIN 1 (RIC1), which binds to and activates KTN1 [23] [24] [25] [26] . Both ROP6 and RIC1 were expressed at the shoot apex, albeit at different levels ( Figure S2C ), and their corresponding mutants displayed a significant increase in organ formation on NPA (rop6-1: 86%, n = 146; ric1-1: 68%, n = 210) compared to the WT (36%, n = 174) ( Figures 2M and  2N) . CMT responses to auxin treatments were impaired in rop6-1 because no changes in CMT organization at the tissue level and only a minor decrease of cellular CMT anisotropy were observed ( Figures 2J, 2K , and 2L; Figure S2B ).
The ROP6-dependent regulation of CMT organization has been associated with the extracellular auxin receptor AUXIN BINDING PROTEIN 1 (ABP1) signaling [25] [26] [27] . ABP1 is expressed at the SAM ( Figure S2C ) [28] ; therefore, we investigated whether it could be involved in the regulation of CMT organization at the SAM. Because ABP1 knockout mutants are embryo lethal [29, 30] , we first employed the viable abp1-5 allele, containing a point mutation in the auxin-binding pocket that reduces the affinity to auxin [25, 31] . Compared to the WT, abp1-5 mutants displayed relatively subtle promotion of organ formation on NPA (Figures 3A and 3B) . Indeed, abp1-5 SAMs displayed only minor alterations in the circumferential CMT organization ( Figures 3E and 3F , t = 0; Figure S3A , t = 0) and were still able to respond to auxin treatments, albeit to a lesser extent compared to the WT (Figures 3C-3F and 3I ; Figure S3A ). Consequently, auxin-induced organ initiation was severely delayed in abp1-5 SAMs compared to the WT ( Figures S3B and S3C ). To gain insights into ABP1 function in the regulation of CMT organization and SAM organogenesis, we generated a transheterozygous mutant bearing one copy of the auxin-insensitive abp1-5 and one copy of the embryo-lethal null abp1-1s allele [30] . The resulting abp1-1s/abp1-5 was viable and displayed enhanced organ formation and more-random CMT organization compared to the parental abp1-5 on NPA (Figures 3A and 3B; Figure S3D) . CMTs in abp1-1s/abp1-5 SAMs were completely insensitive to auxin treatments for both cell and tissue responses ( Figures 3G, 3H , and 3I; Figure S3A ), similar to bot1-7 mutants. This suggests that ABP1 and KTN1 act in a similar manner to regulate CMT organization and SAM organogenesis. Coherently, bot1-7 abp1-5 mutants displayed organ initiation phenotypes on NPA, similar to those of the parental bot1-7 ( Figure S3E ), and no novel additive phenotypes were observed. This is in line with the hypothesis that ABP1 and KTN1 act in the same pathway, as previously reported in other systems [25] [26] [27] , although further experiments are needed to clarify this issue.
Together, our results suggest that in the absence of auxin accumulation, a network of interacting proteins, including KTN1, ROP6/RIC1, and ABP1, keep microtubular arrays at the SAM in an anisotropic state. This is sufficient to inhibit spontaneous lateral outgrowth, leading to the formation of a pin-shaped stem. In the presence of high auxin levels, these molecules are no longer able to maintain CMT anisotropy, which induces a shift toward isotropic cell walls. As a result, organ outgrowth is promoted.
As discussed above, previous studies have suggested a role of cell wall remodeling and extensibility in SAM organogenesis [7, 8] . In addition, there are indications that inner layers of the meristem loosen their walls just before organ outgrowth, leaving the outer layer as the main growth-limiting factor [32, 33] . This is consistent with the observation that the outer layer has thicker cell walls than the inner layers [18] . Altogether, this implies that organogenesis results from the modulation of both cell wall stiffness and anisotropy. Why would two different layers of regulation be required? To explore this question, we used an in silico model in the form of a virtual 3D meristematic dome in which the mechanical and geometrical parameters can be set in each cell ( Figure 4A ). In the model, virtual genes can act on wall elasticity, turgor pressure, the yield threshold above which synthesis occurs, and the synthesis rate itself. Based on the microtubule patterns observed in the pin-like SAM in vivo, anisotropic growth was imposed on the peripheral cells of the virtual meristems. The summit of the dome was kept isotropic and slow growing to represent the central zone of the SAM [15] . The pressure in this virtual stem was not sufficient to reach the yielding threshold in the circumferential direction, leading to a cylindrical stem with a constant diameter, as observed in pin-like apices in vivo (Figure 4B ; Movie S1). To investigate the potential of wall loosening, we imposed changes in wall stiffness, without changing growth anisotropy, in a small group of peripheral primordium cells in the model. Relevantly, an outgrowth was generated only after a 70% reduction in wall rigidity ( Figure 4C ; Movie S2). When the reduction was set to 50%, the meristem bent to the opposite side of the loosened cells, and no clear bulge was obtained ( Figure 4D ; Movie S3). This made us wonder about the actual extent of cell wall loosening during organogenesis in vivo. To investigate this issue, we employed atomic force microscopy (AFM) to quantify locally (in the range of 100 nm in depth) the mechanical properties of the outer wall Figure S4 . Error bars show SEM. [34] . Using this protocol on auxin-treated SAMs, we observed variable changes in the elastic modulus, with a tendency of the outgrowth to become slightly softer than the apex (Figures 4G  and 4H ). Such changes did not exceed 30% ( Figure S4 ), indicating that major reductions in the outer wall rigidity do not occur during organ initiation.
We therefore performed a series of additional simulations, this time combining a limited reduction in wall stiffness with a shift to isotropy in the primordium. This led to the formation of an outgrowth at the flank of the virtual meristem ( Figure 4E ; Movie S4). Relevantly, the combination of limited loosening and isotropy led to increased primordium growth rates compared to the simulations using limited loosening alone ( Figure 4F ). Our theoretical analysis therefore suggests that the anisotropy-to-isotropy shift could promote organ formation by amplifying the effect of relatively minor reductions in the outer wall rigidity at the SAM.
In conclusion, we show that at the SAM periphery, auxin interferes with CMT anisotropy, which normally forces the apical tissues to develop into a single cylindrical axis. By locally counteracting the polarizing effect of these circumferential CMT arrays, auxin generates new axes for lateral organ outgrowth without perturbing the vertical growth of the stem, allowing the plant to explore efficiently new directions in space. 
